Introduction
Transcatheter interventions for a variety of congenital and acquired structural heart diseases are a growing field in interventional cardiology. Optimal imaging quality is crucial to plan and perform these procedures, which may potentially result in better outcomes. In a standard catheterization laboratory, single or bi-plane angiography is the most commonly utilized imaging tool to monitor and guide such interventional procedures. Two-dimensional echocardiography may be occasionally required for some interventions such as atrial septal defect (ASD) and ventricular septal defect (VSD) device closure. However, these imaging modalities only provide a projective or tomographic two-dimensional appreciation of the underlying anatomy and also have limitations for functional, volumetric, and intravascular assessments. In addition, a standard catheterization laboratory is not an adequate environment to perform more complex procedures in which a combination of surgical and interventional cardiology skills is required. Therefore, the modern catheterization laboratory should be able to deal with most of the above-mentioned limitations. It should be a fully functional catheterization laboratory as well as a fully functional operation room, the so-called hybrid suite. It should also be able to incorporate most of the state-of-the-art real-time imaging modalities in an integrated manner in order to provide complete functional and three-dimensional anatomical assessments as well as to guide complex interventional procedures. The aim of this review is to give an overview of some new imaging modalities used in the modern catheterization laboratory and discuss some available and emerging techniques as well as potential new developments and applications.
Completion angiography
Residual structural lesions after cardiac surgery for congenital heart disease may complicate the postoperative recovery and result in poor outcomes. Although intra-
Purpose of review
To provide an overview of the various modalities that have emerged in the last years as adjunctive tools to provide detailed imaging of the cardiovascular system in the catheterization laboratory.
Recent findings
Completion angiography after cardiac surgery for congenital heart disease using a dedicated hybrid operating cardiac suite may aid in early diagnosis and therapy of postsurgical abnormalities. The application of three-dimensional rotational digital angiography results in a more precise delineation of the three-dimensional anatomy of vascular structures outside the heart with rapid image processing and reduction of the amount of contrast used and ionizing radiation dose. Combined catheterization/ magnetic resonance (MR) hybrid laboratories have the potential to accurately assess changes in the anatomy and physiology pretranscatheter and posttranscatheter interventions. Fully MR-guided transcatheter procedures have become possible in animal models. Real-time three-dimensional transesophageal echocardiography (TEE) has helped to guide transcatheter procedures in septal and valvar structures. Miniaturization of probes has expanded the applications of TEE for smaller neonates. The use of intravascular ultrasound has helped to better understand the mechanisms of vascular diseases and transcatheter treatments. Summary Knowledge and proper application of new imaging modalities during interventions in the catheterization laboratory may improve the outcomes of patients with congenital and acquired structural heart disease.
Keywords congenital heart disease, imaging, intravascular ultrasound, magnetic resonance imaging, real-time three-dimensional echocardiography, rotational angiography operative echocardiography is an excellent tool to assess for residual intracardiac defects, its role is limited to assess for the presence of residual extracardiac vascular lesions such as stenoses in the branch pulmonary arteries, coronary arteries or aorta. Completion angiograms obtained immediately following surgical correction are useful to identify such lesions, which may be significant enough to lead to a change in the treatment strategy at a time when a hybrid or surgical intervention may be readily available. Holzer et al.
[1 ] from Columbus reported their experience with this imaging modality in 31 patients (median age and weight: 7.5 months and 6.5 kg, respectively) who underwent 32 complex surgical procedures with most involving pulmonary artery and/or aortic arch reconstructions. The angiograms were performed with regular catheters in a dedicated hybrid suite. Unexpected disorder was identified in 18 procedures (56%) including right and left pulmonary artery and coronary stenoses. The therapeutic strategy was modified in nine of 32 procedures (28%) and included surgical revision, hybrid therapy, early catheterization ( Fig. 1 ) and a change in medical management. No major adverse events were noted. Although this study has some limitations due to its retrospective nature, some institutional bias and a limited number of procedures, completion angiography seems to be especially useful in patients who undergo surgical rehabilitation of the pulmonary arteries in high-risk patients. Interestingly, in a similarly designed study published by the Vanderbilt Heart and Vascular Institute [2 ] , routine intraoperative completion angiography performed in a fully functional hybrid operation room detected important defects in 97 of 796 (12%) coronary artery bypass graft operations in 366 adult patients with complex coronary artery disease. Their findings led to a change in the management including minor adjustments of the graft, traditional surgical revision or an unplanned hybrid percutaneous coronary intervention, resulting in satisfactory outcomes. Both studies above highlight the importance of completion angiography to provide immediate feedback on issues that may be difficult for the surgeon to appreciate with the naked eye during the operation. They also illustrate how a collaborative working environment may be extremely beneficial in high-risk populations.
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Key points
Various modalities have emerged in the last years as adjunctive tools to provide detailed imaging of the cardiovascular system in the catheterization laboratory. Some of these modalities have been applied in the management of patients with congenital and structural heart disease and include completion angiography in a dedicated hybrid operating cardiac suite, three-dimensional rotational digital angiography, combined catheterization/magnetic resonance hybrid laboratories, magnetic resonance-guided transcatheter procedures, real-time three-dimensional transesophageal echocardiography and intravascular ultrasound. Knowledge and proper application of new imaging modalities during interventions in the catheterization laboratory may improve the outcomes of patients with congenital and acquired structural heart disease. 
Three-dimensional rotational angiography
Three-dimensional images of vascular and intracardiac structures can be reconstructed using computed tomography (CT) and magnetic resonance (MR) imaging. Although these modalities may be useful to plan ahead what interventional strategies should be employed in the catheterization laboratory, incorporation and integration of the previously acquired three-dimensional images with conventional real-time angiographic images may not be optimal due to the need of specifically designed software and the time lag between the corresponding exam and the intervention. Real-time three-dimensional rotational angiography (3D-RTA) has been used recently to overcome some of these problems [3] . It is performed in the catheterization laboratory over 2008 using large-format, digital, flat panel angiographic systems. Images are acquired with low radiation doses and over a slow injection of a small amount of contrast media. To enhance the image quality, acquisition should be preferentially performed under rapid ventricular pacing to reduce motion artifacts and slow the contrast washout. After acquisition, the images are transferred to a dedicated workstation, which is then used for three-dimensional reconstruction, usually in less than 30 s. Elimination of unwanted tissues may be required to better visualize the area of interest. Measurement of true orthogonal diameters of vascular structures is performed using multiplanar views with no need of a calibration catheter. 3D-RTA under rapid ventricular pacing was applied by Noble et al.
[4 ] in six adult patients (mean age 32 AE 10 years) with congenital and structural heart diseases who were referred for coarctation and pulmonary artery stenting and percutaneous valve replacement. Despite the limited number of procedures, the authors felt that obtaining real-time, high-quality, three-dimensional images with a precise definition of complex vascular structures was useful to guide the percutaneous interventions. 3D-RTA has also been applied recently for better depiction of the coronary arteries in a 2.5-year-old boy with pulmonary atresia and intact ventricular septum and coronary artery fistulas [5] , which resulted in better surgical planning. Although the literature on the application of this technique for the guidance of interventional procedures for coronary heart disease (CHD) is still scarce, the experience with this imaging modality is growing and at the moment it seems to be useful to define complex anatomies of the pulmonary arteries, the aorta and the right ventricular outflow tract prior to and after percutaneous pulmonary valve implantation (PPVI) (Fig. 2) .
Catheterization/magnetic resonance hybrid laboratories
These two imaging technologies are potentially complementary as they allow accurate assessments not only of the underlying anatomy but also of the underlying physiology pretranscatheter and posttranscatheter interventions. In addition, because most diagnostic angiograms can be replaced by MR angiograms, it may reduce radiation exposure and facilitate some interventional procedures. Patients are initially placed in the MR scanner under general anesthesia for image acquisition and subsequently transferred to the catheterization laboratory with the use of a mechanized sliding table that allows bidirectional movement. The previously acquired MR images can be integrated to the ones obtained during the catheterization procedure using fusion algorithms. This technique has been described by Lurz et al. [6 ] from London, UK to demonstrate the superior acute hemodynamic effects of PPVI over bare metal stenting of right ventricle-to-pulmonary artery conduits. Although a similar hybrid laboratory set up may be found at other centers (e.g. The Hospital for Sick Children, Toronto, Canada), little data is found in the literature on the more widespread use of this technology. As such, more experience with this expensive imaging modality is needed to better define its role in the management of patients with congenital heart disease. At present, it seems to be excellent for research purposes but the risks may outweigh the benefits due to prolonged examination and anesthesia, which may limit its application in smaller children.
Magnetic resonance-guided percutaneous interventions
MR has some advantages over standard fluoroscopy and angiography to image cardiac and vascular structures including optimal tissue contrast, three-dimensional reconstruction in any orientation, lack of radiation exposure, limited use of nephrotoxic contrast media, and ability to depict and quantify functional parameters. As such, it may be potentially applied to guide percutaneous interventions. In spite of the current availability of modern open-bore MR systems with fast sequences as well as MR-compatible stents, angioplasty balloons and nonbraided catheters, MR-guided endovascular interventions are still limited due to the lack of MR-compatible guide wires. However, recent developments in this field have been published [7] and aortic stenting, renal stenting and cava filter placement guided exclusively by MR using a MR-compatible guide wire have been safely and effectively performed in swine models [8, 9] . Also, the feasibility of MR-visualization and MR-guided intubation of the coronary sinus has been demonstrated recently in an animal study [10] , which might have relevance in the near future for procedures that require improved three-dimensional knowledge about the cardiac vein anatomy, such as cardiac resynchronization therapy and percutaneous transcatheter mitral annuloplasty. In another animal study, MR imaging roadmaps of cardiac structures were obtained from miniature swine with spontaneous VSDs and registered with live X-ray using external fiducial markers [11] . The application of this hybrid protocol facilitated antegrade crossing and delivery of a VSD closure device resulting in reduced procedure time and radiation exposure compared with the conventional retrograde approach. Further studies are needed to define the feasibility, safety and efficacy of these MR techniques for monitoring of cardiac and vascular interventions in humans.
Transesophageal echocardiography
Transesophageal echocardiography (TEE) is an important modality for real-time guidance of interventional procedures; however, small infants have not access to TEE because of the size of previously available transducer probes. At the same time, the smallest infants are usually at the highest risk from interventional procedures and stand to benefit the most from the additional information provided by TEE. A new, smaller, multiplane micro-TEE probe with a tip width of 7.5 mm is now available that potentially can be used in patients under 2 kg. Zyblewski et al. [12 ] reported on their initial experience with this probe in 42 small infants (mean weight 3.6 AE 0.9 kg) undergoing heart surgery. All probe insertions were successful with no complications. There were no significant changes in ventilation or hemodynamics with insertion of the probe. The micro-TEE probe was clinically useful with good image quality providing information that resulted in revisions in six of the 42 patients. Of note, the smallest patient weighed 1.7 kg, significantly smaller than possible with previous TEE probes.
Real-time three-dimensional transesophageal echocardiography
The recent introduction of real-time three-dimensional transesophageal echocardiography (RT3DTEE) using a matrix-array transducer led to initial reports describing its utility in transcatheter closure of ASDs (Fig. 3) . More recent reports have continued to investigate the utility of RT3DTEE for closure of ASDs [13] [14] [15] [16] as well as expand on the usefulness and additive value of RT3DTEE with other interventional procedures. Saric et al. [17 ] recently reported on a series of 706 RT3DTEE studies, including 23 with ASDs, and the development of a standardized three-dimensional protocol for evaluating and displaying the interatrial septum. Use of this technique enhanced the evaluation of ASDs and of the relationship of ASDs to surrounding structures.
Soriano et al. [18] and Klein et al. [19] presented case reports of patients with transposition of the great arteries status post atrial baffle procedure that developed interatrial shunting secondary to a baffle leak. RT3DTEE demonstrated the size, location, and orientation of the baffle leaks and was used to guide delivery of transcatheter devices to close the baffle leaks.
The role of RT3DTEE has also been investigated in the area of percutaneous valve interventions. Ng et al. [20] compared aortic root dimensions and geometry before and after transcatheter aortic valve implantation using 2DTEE, RT3DTEE, and multislice computed tomography (MSCT). Both two-dimensional and three-dimensional TEE significantly underestimated aortic annulus and left ventricular outflow tract areas compared with MSCT; however, RT3DTEE avoided the pitfall of geometric assumption of circularity of the aortic annulus and left ventricular outflow tract. This resulted in RT3DTEE having less bias and narrower limits of agreement with MSCT compared with 2DTEE. Jánosi et al. [21 ] described improved procedural guidance and identification of procedural-related complications with the use of RT3DTEE during transcatheter aortic valve implantation. RT3DTEE is particularly useful for the evaluation of native or prosthetic mitral valve and for real-time guidance of interventions on the valve [22] . Kronzon et al. [23] reported on 18 patients with postoperative mitral valve dehiscence. RT3DTEE accurately identified the size and shape of the area of dehiscence, the type of ring or prosthesis used, and the origin of the mitral regurgitation. García-Fernández et al. [24 ] and Horton et al. [25] not only used RT3DTEE to identify and quantify the number and size of paravalvar mitral leaks, but also used the technology to identify the position and effectiveness of devices implanted to close the leaks.
Intracardiac echocardiography
Intracardiac echocardiography (ICE) has been used and described extensively for transcatheter arrhythmia ablation procedures and transcatheter device closures of patent foramen ovales (PFOs) and ASDs. Medium-term results (mean follow-up of 36.6 AE 14.8 months) of ICEguided closure of ASD or PFO were reported by Rigatelli et al. [26] . ICE-guided closure was found to be highly safe and effective. Although ICE is a more invasive form of imaging than TEE, advantages include a decreased or absent need for general anesthesia during an interventional case. A recent study comparing ICE and TEE showed the two modalities were essentially equivalent for evaluation of the interatrial septum and the left atrium [27] . Ponnuthurai et al. [28 ] showed in a series of 48 adult patients undergoing transcatheter PFO closure that the patients could safely go home on the day of procedure when ICE guidance was utilized. Although ICE guidance of PFO closure is safe and effective, ICE may not be sensitive enough to detect all patients with right to left shunts, based on a publication by Van et al. [29] . In a study of 38 patients, they showed that contrast echocardiography with ICE underestimated right to left shunting in 34% of the patients after PFO closure compared with transcranial Doppler [29] . More recent publications have described additional uses of ICE, including diagnosing the presence or absence of pulmonary arteriovenous fistulae [30] and monitoring transcatheter valve implantation [31] (Fig. 4) . Real-time three-dimensional ICE is currently in development [32] with expected clinical release in the coming year.
Intravascular imaging
Although intravascular ultrasound (IVUS) is predominantly used to assess the results of percutaneous coronary interventions, recent articles have been published on validation of IVUS measurements of aortic diameters [33] , sometimes as part of a successful transcatheter treatment strategy for coarctation of the aorta in adults [34] .
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Conclusion
There are a variety of new imaging modalities available for the interventionalist at the moment. Knowledge and proper application of these technologies during interventions in the catheterization laboratory may improve the outcomes of patients with congenital and acquired structural heart disease.
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